Introduction
Vascular endothelial growth factor (VEGF) is a positive regulator of bone development (Haigh et al, 2000; Maes et al, 2002 Maes et al, , 2004 Zelzer et al, 2002) , skeletal growth (Gerber et al, 1999) and fracture repair (Jacobsen et al, 2008) . VEGF may couple angiogenesis to osteogenesis both indirectly through its effects on endothelial cells and directly by modulating chondrocytes, osteoblasts and osteoclasts that all express VEGF receptors (Dai and Rabie, 2007; Maes and Carmeliet, 2008) . Accordingly, VEGF is currently tested in preclinical models as a potential therapy for stimulating fracture healing (Carano and Filvaroff, 2003) . On the other hand, emerging data suggest that a disturbance in the interplay between angiogenesis and osteogenesis might be causal and/or consequential to progression of many bone and haematological pathologies (Calvi et al, 2003; Visnjic et al, 2004; Walkley et al, 2007; Larsson et al, 2008) . Future therapeutic use of VEGF in bone pathology therefore warrants in-depth analyses of both the therapeutic merits as well as the potential side effects. A prime goal is to understand better the mechanisms of action of VEGF in the bone environment, including its cellular targets and downstream effectors.
A crucial regulator of bone formation is b-catenin, the main effector of canonical signalling by Wnts. In the absence of Wnts, cytoplasmic b-catenin is constitutively degraded through its phosphorylation by glycogen synthase kinase 3-b (GSK3-b) that targets it to the ubiquitin-proteasome pathway. On signalling by Wnts, b-catenin is stabilized and translocates to the nucleus, where it interacts with T-cell factor (TCF)/lymphoid enhancer factor family transcription factors to regulate the expression of its target genes (Clevers, 2006; Grigoryan et al, 2008) . In addition, other pathways affecting GSK3-b (e.g. phosphatidyl inositol 3 (PI3)-kinase pathways) can also modulate b-catenin transcriptional activity; Wnt and growth factor signalling can act through convergent pathways and possibly synergistically on GSK3-b and b-catenin (Jin et al, 2008) . The importance of b-catenin in skeletal biology was proven recently by studies elucidating its role as a crucial transcription factor in (i) determining osteoblast lineage commitment of early osteo-chondroprogenitors (Day et al, 2005; Hill et al, 2005; Hu et al, 2005; Rodda and McMahon, 2006) and (ii) coupling osteoblast to osteoclast activity by stimulating osteoblastic production of osteoprotegerin (OPG or TNFRSF11B), an inhibitor of osteoclast formation (Glass et al, 2005) .
b-catenin signalling is also important in vascular biology. In quiescent endothelial cells of established vessels, b-catenin is concentrated at the plasmamembrane where it interacts with vascular endothelial (VE)-cadherin and mediates its linkage to the actin cytoskeleton . VEGF promotes endothelial cell survival by stimulating the formation of a multi-protein transmembrane complex including VEGF receptor 2 (VEGFR-2, also known as Flk-1 or KDR), VE-cadherin and b-catenin, activating PI3-kinase/Akt . In angiogenic cells, during embryogenesis, pathological angiogenesis or vascular remodelling, b-catenin may translocate to the nucleus and activate cellcycle gene transcription (such as CyclinD1), contributing to endothelial cell proliferation. Pro-angiogenic effects of the GSK3-b/b-catenin pathway in endothelial cells have been described in vitro (Kim et al, 2002; Skurk et al, 2005) and very recently canonical Wnt signalling in endothelial cells was shown to be critical for vascularization of the developing central nervous system (Liebner et al, 2008; Stenman et al, 2008) .
Thus, similar to VEGF, b-catenin acts broadly in embryogenesis and adulthood. This suggests that molecular communication involving both molecules may possibly contribute to the coupled osteogenic and angiogenic responses that are systematically seen in bone biology and pathology. In this study, using two independent conditional and/or inducible approaches to over-express VEGF 164 in embryonic development, during skeletal growth and in adult bone, we provide evidence for novel mechanistic links between the VEGF and b-catenin signalling pathways. Even short-term gain-of-function of VEGF in the bone microenvironment not only stimulated vascularization and ossification, but also induced dramatic pathological changes. This phenotype correlated with VEGF-induced activation of VEGFR-2 and a PI3-kinase/GSK3-b/b-catenin pathway in both endothelial and osteoblast lineage cells, mediating its downstream responses in the bone and marrow microenvironment. These data underscore the potential of VEGF as a bone anabolic agent but also warn for caution in all therapeutic uses of this powerful molecule, pointing out the bone microenvironment as a critical locus for monitoring potential side effects.
Results

Locally increased VEGF during skeletal development leads to deformed bones
To determine the effects of local VEGF over-expression in the skeleton we targeted a conditional construct encoding the major isoform VEGF 164 to the genomic ROSA26 locus (for details see Supplementary data). The expression of the VEGF 164 transgene was prevented by a floxed upstream transcriptional stop cassette ( Figure 1A ). Only in cells expressing Cre, recombination led to the deletion of the stop cassette and activation of constitutive VEGF over-expression. Here, we used collagen type II (Col2)-Cre mice (Ovchinnikov et al, 2000) because Cre expression was reported to be activated early and broadly in the mesenchyme-derived cartilaginous condensations (including the perichondrium and postulated osteo-chondroprogenitors) that give rise to both the cartilage and the bone of the endochondral skeleton Rodda and McMahon, 2006; Ford-Hutchinson et al, 2007) . As such, targeted cells and their descendants would encompass the physiological sites of VEGF production in endochondral bone (Maes et al, 2002; Zelzer et al, 2002) . ROSA26R b-galactosidase (LacZ) reporter analysis (Soriano, 1999) indeed confirmed evidence of present or past Col2-Cre activity in chondrocyte and osteoblast lineage cells ( Figure 1B ). In agreement, compared with control littermates, mutant Col2-Cre þ ;ROSA26-VEGF164 (designated ' þ VEGF164') embryos had two-fold increased VEGF mRNA levels (Po0.05; realtime quantitative RT-PCR (qRT-PCR) data not shown) and three-to five-fold higher VEGF protein levels in their tibias, both in the cartilaginous epiphyses and the bony diaphyses ( Figure 1C ). Mutant þ VEGF164 mice died at birth by yet unknown causes and displayed marked deformities of the long bones. In particular, skeletal preparations of E16.5 embryos showed that the red stained ossified diaphyses of the limbs and ribs were abnormally short and thick, associated with kyphosis (bending) in the limbs ( Figure 1D ). The overall skeletal patterning and growth of the mutants were not impaired. Accordingly, histological analysis showed no striking disruption in the growth cartilage of þ VEGF164 limbs other than a mild reduction of the hypertrophic chondrocyte zone (202 mm ± 5 in controls versus 158 mm ± 15 in þ VEGF164 mice; P ¼ 0.047; n ¼ 3) (Supplementary Figure S1 ). In contrast, the primary ossification centre was drastically malformed (Figure 1E, top) . As evidenced by Von Kossa staining for mineralized bone, þ VEGF164 mutants had laterally expanded ossified centres filled with excessive, disorganized bone. In contrast to control mice, a proper cortex was lacking and instead aberrantly orientated trabecular-like structures extended from the widened periosteal area to the inside of the bone, obliterating the developing marrow cavity ( Figure 1E , middle). In line with the strong angiogenic activity of VEGF, staining of vascularization by PECAM-1 immunohistochemistry (IHC) showed a vast increase in blood vessels throughout the mutant bones ( Figure 1E , bottom). Thus, skeletal VEGF over-expression was characterized by aberrantly ossified, hypervascularized bones. A similar phenotype in the long bones was obtained using the more osteoprogenitor/osteoblast-directed gene promoters Runx2 (active in subsets of hypertrophic chondrocytes and osteoblasts (J Tuckermann, unpublished data); Supplementary Figure S2 ) or Osterix (Rodda and McMahon, 2006) (not shown) to drive Cre-mediated VEGF over-expression.
Generation of mice with inducible, skeletal-specific transgenic VEGF expression As improved angiogenesis and osteogenesis is much sought after in postnatal conditions such as fracture healing and osteoporosis, we wanted to assess whether VEGF would exert bone anabolic effects later in life as well. Given the neonatal lethality associated with constitutive conditional VEGF gain-of-function, we designed a doxycycline (dox)-inducible transgenic strategy (Figure 2A ). The reverse tetracycline transactivator (rtTA) was targeted to the conditional ROSA26-locus described above (as a bicistronic transcript also encoding EGFP), rendering the activation of its expression dependent on Cre activity (Belteki et al, 2005) . The corresponding tetracycline-responsive element (tet(o)), induced by rtTA only in the presence of dox, regulated the expression of a VEGF 164 transgene (Akeson et al, 2003).
As described above, the crossing with Col2-Cre mice mediated the recombination of the conditional ROSA26-locus in embryonic osteo-chondroprogenitor cells and all progeny thereof. Consequently, the rtTA:EGFP transgene became constitutively expressed in the endochondral bones. Widespread expression of EGFP throughout the adult growth plate and metaphyseal and cortical bone areas was accordingly documented by IHC (Supplementary Figure S3A) . Blue X-Gal staining shows present or past Col2-Cre activity in cartilage and bone. PC, proliferating chondrocytes; HC, hypertrophic chondrocytes; arrows, osteoblasts; double arrows, osteocytes; arrowheads, perichondrium/periosteum. (C) VEGF protein levels measured by ELISA in E16.5 whole tibias or dissected growth cartilages (epiphyses) and bone shafts (diaphyses Figure S3B and C). While leaky transgene expression was not observed in the absence of dox (Supplementary Figure  S3D) , 2 weeks of dox supplementation, as applied throughout these studies, caused a 10-fold increase in VEGF mRNA levels in long bones of adult þ VEGF164 dox mice as compared with dox-treated control littermates, associated with a more moderate two-to three-fold induction at the protein level (Supplementary Figure S3E and F) . Of note, the serum VEGF levels were not significantly altered in þ VEGF164 dox mice (Supplementary Figure S3G) .
Short-term increases of VEGF levels disrupt the architecture of juvenile and adult bone Induction of VEGF over-expression in the endochondral skeleton of juvenile mice, by supplying dox to the nursing mother during the first 2 weeks of life, profoundly affected the shape and morphology of the growing long bones. The aberrant bone was associated with abundant stromal cells and blood vessels surrounding the numerous trabeculae (Supplementary Figure S4) .
In adult mice with normally developed bones, dox supplementation for 14 days also completely disrupted the bone architecture, as seen in þ VEGF164 dox mice at the age of 3-4 months ( Figure 2B ). The induced VEGF over-expression characteristically led to excessive, aberrant bone structures and abundant peritrabecular mesenchymal stromal cells in the metaphyseal and epiphyseal regions (primary and secondary centres of ossification) ( Figure 2B ). Von Kossa staining and histomorphometry indeed showed a dramatically increased metaphyseal trabecular bone mass in þ VEGF164 dox mice ( Figure 2C and D), as did pQCT analysis (70% increased trabecular density, n ¼ 12, Po0.05). The adjacent lamellar cortical bone, however, was replaced by trabecular-like porous bone structures (red arrows in Figure 2C ). This manifest porosity of the cortex was characterized by abundant intercalating mesenchymal tissue components and osteoclast-rich remodelling units (Supplementary Figure S5A and B) .
As during development, the morphology of the cartilage was not manifestly disrupted by VEGF over-expression in the adult, but a mild decrease in the growth plate thickness was documented (95 mm±5 in controls versus 79 mm±5 in þ VEGF164 dox mice; Po0.05; n ¼ 7). As well, the growth plate showed increased mineralization as quantified on Von Kossa stained sections (percent calcification: 14.3% ± 0.8 in controls versus 18.8%±1.7 in þ VEGF164 dox mice; Po0.05; n ¼ 5). As anticipated, the increased VEGF levels again caused hypervascularization of the bones. PECAM-1 IHC visualized the strongly increased microvascular density throughout the altered metaphyseal ( Figure 2E ) and cortical (Supplementary Figure S5C) bone areas in þ VEGF164 dox mice. Adjacent to the growth plate, haemangioma-like blood vessels were often observed, indicative of localized supra-physiological VEGF levels (Ozawa et al, 2004) ( Figure 2E ) (also see below). These data indicate that even short-term induction of transgenic VEGF expression in adult bone dramatically stimulated osteogenesis and angiogenesis.
VEGF over-expression in the bone micro-environment causes vascular anomalies, bone marrow fibrosis and haematological alterations In addition to the increased bone mass and hypervascularization caused by increased VEGF at all stages examined in this study, adult þ VEGF164 dox mice displayed several marked pathological features. Reticulin staining showed increased amounts of collagen IV-positive fibres in the regions of increased osteogenesis, indicative of massive fibrosis ( Figure 2F ). Furthermore, vascularity in the bone was consistently increased but in severely pathological bones several bone marrow blood vessels exhibited additionally a haemangioma-like morphology filled with erythrocytes ( Figure 3A) . Notably, these pathological manifestations locally replaced the haematopoietic marrow and consequently, the areas heavily occupied by new bone, marrow fibrosis and aberrant vessels displayed a drastic paucity of myeloid cells ( Figure 3A ). Moreover, increased spleen size was observed in 25% of the þ VEGF164 dox mice (n ¼ 11/43), suggesting extramedullary haematopoiesis ( Figure 3B ). As well, we documented evidence of extramedullary haematopoiesis in the liver in þ VEGF164 dox mice with haematopoietic colonies developing near some central vein regions (data not shown). These observations led us to assess whether þ VEGF164 dox mice suffered haematological alterations. The bone marrow of þ VEGF164 dox mice showed excessive PECAM-1 þ megakaryocytes displaying abundant extended cellular processes, characteristic of megakaryocyte activation ( Figure 3C ). The number of megakaryocytes and progenitors in the spleen was also dramatically increased in the mutant mice, as shown by morphological detection, colony forming units (CFU)-MK analysis, and FACS analysis using the megakaryocyte lineage antigen CD41 ( Figure 3D ). In addition, we detected a threefold increase in the numbers of haematopoietic progenitor cells (HPCs) in the peripheral blood of mutant mice by analysing the CFU-C, as well as a significant increase of CFU-Cs in the spleen ( Figure 3E ). No significant changes in CFU-C were documented in flushed bone marrow cultures ( Figure 3E ). In addition, temporal haematocrit profiling of the peripheral blood did not document significant changes in the number of circulating red or white blood cells but a small significant drop in platelet numbers at the end of the 2 weeks of induction (Supplementary Table S1 ). These data suggest that the þ VEGF164 dox phenotype was associated with enhanced mobilization of HPCs from the bone marrow into the circulation and are suggestive of altered megakaryocyte maturation/function.
VEGF over-expression alters osteoblast proliferation, differentiation and activity
The manifestly enhanced bone mass observed at all stages upon VEGF over-expression mandated a detailed study of the osteoblast characteristics. BrdU IHC of þ VEGF164 embryonic bones showed increased proliferating cells in the perichondrium/periosteum where osteogenic progenitors reside (BrdU þ cells per 100 mm 2 : 34 ± 5 in controls versus 75 ± 5 in þ VEGF164 mice; Po0.001; n ¼ 6), as well as throughout the primary ossification centre ( Figure 4A ). In adult þ VEGF164 dox bones, we observed markedly increased BrdU incorporation in mesenchymal cells in the metaphysis ( Figure 4B ) and epiphysis (not shown) already after 4 days of dox supplementation. Strongly proliferative cell clusters presenting as mesenchymal islands intercalating the aberrant bone were still observed at 10 days on dox ( Figure 4B ). Increased cellular proliferation was also evident in the periosteum and the aberrant cortical remodelling regions (not shown). This excessive proliferative response of osteoprogenitors and/or osteoblasts likely contributed to the increased bone (osteosclerosis) seen on VEGF over-expression.
Osteoblast differentiation was altered as well in both the developmental and adult systems. ISH on E17.5 þ VEGF164 tibia sections showed enlarged expression domains of the stage-dependent differentiation markers Runx2, type I collagen (Col1a1), osteopontin and osteocalcin ( Figure 4C ). Particularly, for the mature osteoblast marker osteocalcin, ectopic signal was detected in the perichondrial regions, and staining intensity was increased throughout the widened ossification centre ( Figure 4C , bottom). In agreement, qRT-PCR showed more than three-fold increased levels of osteocalcin mRNA in þ VEGF164 tibias compared to control bones (Po0.001; n ¼ 10-12), indicative of an increase in differentiated osteoblasts. In adult þ VEGF164 dox mice osteoblast differentiation was altered as well after 14 days on dox, although not entirely in similar ways as in the developmental system. Indeed, qRT-PCR showed increased mRNA levels of the early osteogenic marker Runx2 and of osteopontin, whereas Col1a1 expression was not significantly increased and osteocalcin mRNA was significantly reduced ( Figure 4D ). Western Blot and IHC analysis confirmed the increased osteopontin expression at the protein level (Supplementary Figure S6) . The matrix formation versus mineralization activity of osteoblasts was unbalanced in þ VEGF164 dox mice, as Goldner staining showed extensive and ectopic osteoid deposition ( Figure 4E ). Dual calcein incorporation led to the expected delineated double labelling in control mice, but showed aberrant, excessive and disorganized labelling in þ VEGF164 dox mice ( Figure 4F ).
Increased VEGF alters osteoclast abundance and activity
We next investigated the potential contribution of altered osteoclastogenesis to the VEGF-induced phenotypes. Embryonic þ VEGF164 hindlimb sections showed excessive and premature invasion of osteoclastic cells (TRAP þ ) together with blood vessels (PECAM-1 þ ) into the cartilaginous anlagen (not shown), yet in the subsequently established primary ossification centre only few, small TRAP þ cells were found in the regions of excessive bone and vascularization ( Figure 5A ). Impaired osteoclastic resorption was suggested by the frequent persistence of unresorbed cartilage remnants in þ VEGF164 diaphyses (Supplementary Figure S7A) . Similarly, detailed temporal analysis of adult þ VEGF164 dox mice showed progressively increased vascular density (PECAM-1 IHC; top panels in Figure 5B ), whereas TRAP staining on adjacent sections showed an initial abundance of osteoclasts at day 4 of dox administration followed by a dramatic decrease by day 10 and near absence of osteoclasts by day 14 in the regions of high vascular and bone density ( Figure 5B ). Again impaired resorptive activity was suggested, given the continued presence of residual cartilage in the aberrant bone regions of þ VEGF164 dox bones observed by Safranin O staining (Supplementary Figure S7B) . Of note, the drop in metaphyseal osteoclasts in þ VEGF164 dox mice was unlikely to be explained by cell-autonomous effects, given that in vitro osteoclastogenesis from haematopoietic precursors isolated from bone marrow was not impaired (data not shown). We therefore analysed the expression of OPG, a prime secreted inhibitor of osteoclastogenesis. IHC showed increased OPG staining in the osteosclerotic/ osteopetrotic metaphyseal regions of þ VEGF164 dox bones at day 10 of dox supplementation. Interestingly, OPG abundantly localized to the endothelium and mesenchyme in these regions of enhanced vessel and bone density ( Figure 5C ). In contrast to the metaphyseal osteopetrosis, cortical regions exhibited extensive TRAP þ cell coverage and remodelling in þ VEGF164 dox mice throughout the dox administration period (see Figure 2C ; Supplementary Figure  S5B ). This region-specific stimulation of osteoclastogenesis was associated with significantly increased mRNA levels of RANK and resorptive enzymes (MMP-9, MMP-13, CathepsinK), specifically in the cortical bone compartment (Supplementary Table S2 , showing qRT-PCR analysis of separated diaphyseal cortices and epiphyseal/metaphyseal spongiosa). Compared with controls, the þ VEGF164 dox cortical bone shafts showed a drastic upregulation of RANKL (eight-fold), whereas OPG levels were unaltered, unlike the mutant spongiosa (see above, Figure 5C ; Supplementary Table S2 ).
Endothelial and mesenchymal stromal cells both respond to VEGF signalling Next, we wanted to assess whether other cell types besides endothelial cells were responding to VEGF and relaying the VEGF-induced effects on the skeleton. We therefore analysed the expression of activated (phosphorylated) (P)-VEGFR-2 in adult þ VEGF164 dox bones using antibodies specific for the P-VEGFR-2-1175 phosphotyrosine residue. As expected, combined IHC for PECAM-1 and P-VEGFR-2-1175 showed increased staining of activated VEGFR-2 in the endothelium of þ VEGF164 dox bones ( Figure 6A ). Interestingly, co-staining of alkaline phoshatase (ALP) activity and P-VEGFR-2-1175 also showed abundant double-positive cells in the mutants (Figure 6B ), suggesting a role for VEGFR-2 signalling in subsets of mesenchymal progenitors and/or osteoblasts. To investigate the possibility of direct VEGF effects, we isolated bone stromal cells from þ VEGF164 dox and control mice. Cultures from þ VEGF164 dox mice showed increased VEGF and VEGFR-2 expression, regardless of whether dox was administered in vivo ( Figure 6C ) or in vitro (Supplementary Figure S8) . Concomitantly, we noted strongly upregulated expression of Runx2 and osteocalcin ( Figure 6C ), indicating enhanced osteoblastic differentiation as a direct consequence of VEGF over-expression.
Direct effects of VEGF/VEGFR signalling in osteoblast lineage cells in vivo have not been univocally proven to date and are still a matter of debate. To genetically address the hypothesis that such effects are involved in mediating the VEGF over-expression phenotype, we conditionally deleted VEGFR-2 (Haigh et al, 2003) from the osteo-chondrogenic lineages in þ VEGF164 embryos by using Col2-Cre ( Figure 6D ) or Runx2-Cre mice (Supplementary Figure S9) , with similar results. Although we detected no noticeable consequences of introducing one null (Shalaby et al, 1995) or a conditional allele of VEGFR-2 in embryos at E17.5 (not shown), þ VEGF164;VEGFR-2 null/lox embryos were rescued from the severe bone kyphosis as seen on skeletal preparations ( Figure 6D, top) or by micro-CT (Supplementary Figure S9A and B) . Quantification of the micro-CT scans showed that the excessive amount of mineralized bone formed in the þ VEGF164 mutants was significantly reduced in the þ VEGF164;VEGFR-2 null/lox embryos, but did not reverse completely to the level measured in control bones (Supplementary Figure S9A) . The bone shaft regularly remained widened (Supplementary Figure S9B ). A pronounced hypervascularization was observed in the þ VEGF164;VEGFR-2 null/lox bones, both in the expanded perichondrial/periosteal region (Supplementary Figure S9C) and inside bone shaft ( Figure 6D ). In contrast, the mesenchymal hyperproliferation that was documented in þ VEGF164 bones was notably reduced by the additional conditional deletion of VEGFR-2 in osteo-chondroprogenitors ( Figure 6D, bottom) . Thus, in this partial rescue of the þ VEGF164 phenotype, the osteogenic response was significantly modulated whereas the angiogenic effects of increased VEGF persisted.
Enhanced b-catenin stabilization and nuclear activity in VEGF over-expressing mice Recently, the expression of a stabilized form of b-catenin in osteoprogenitors and/or osteoblasts was shown to cause high bone mass phenotypes with very similar characteristics as our VEGF over-expression models (Glass et al, 2005; Rodda and McMahon, 2006) . This striking resemblance prompted us to examine b-catenin as a potential molecular mediator of the VEGF-induced phenotype. IHC for b-catenin showed excessive staining in þ VEGF164 embryos at E16.5. More specifically, control bone sections showed ample b-catenin staining in endothelial cells and osteoblasts (as defined by their cuboidal morphology and localization on the bone surface) mostly localized to the cell membrane ( Figure 7A ). In contrast, þ VEGF164 samples displayed more intense and abundant staining throughout endothelial and osteoblast lineage cells, in the cytoplasm and the nucleus ( Figure 7A ). The increased nuclear localization of b-catenin in osteoblasts over-expressing VEGF was confirmed by culturing primary calvaria-derived osteoblasts from Runx2-Cre;ROSA26-VEGF164 and Runx2-Cre;Z/EG (Novak et al, 2000) control mice ( Figure 7B ). In control cultures, b-catenin was mostly confined to the cell membranes, whereas a pronounced increase in nuclear localization of b-catenin was monitored in VEGF over-expressing osteoblasts, as quantified based on immunofluorescence confocal imaging (correlation with DAPI nuclear staining) ( Figure 7B ). The relevance of this nuclear localization of b-catenin in vivo was next assessed by crossing the BAT-Gal b-catenin reporter mouse line (Maretto et al, 2003) with the þ VEGF164 model. Analysis of BAT-Galderived LacZ expression by X-Gal staining at E16.5 showed dramatically increased b-catenin transcriptional activity in þ VEGF164 embryos compared with control littermates. Increased X-Gal staining was most evident in the perichondrium/periosteum where pre-osteoblasts differentiate, and in mature osteoblasts positioned on the excessive bone fragments ( Figure 7C ).
IHC on adult þ VEGF164 dox bones also pointed at an involvement of excessive b-catenin in both endothelial cells and mesenchymal/osteogenic stromal cells. In control mice, b-catenin was remarkably restricted to the angiogenic blood vessels invading the growth plate ( Figure 7D ). In contrast, þ VEGF164 dox mice showed dispersed and enhanced cytoplasmic and nuclear b-catenin in the haemangioma-like endothelium near the growth plate, in blood vessels throughout the metaphyseal high bone mass regions, and in the abundant mesenchymal stroma ( Figure 7D ). Western blot analysis using an anti-active-b-catenin antibody (van Noort et al, 2002 ) that specifically recognizes a transcriptionally active non-phosphorylated form of b-catenin (lacking the phosphorylated amino acids Ser-33, Ser-37 and Thr-41 that are responsible for b-catenin proteosomal degradation) (Liu et al, 2002; van Noort et al, 2002 ) demonstrated increased levels of active b-catenin protein in þ VEGF164 dox bone lysates compared to control samples ( Figure 7E ). Using two separate antibodies that recognize all post-translational modified forms of b-catenin (Sigma polyclonal Ab C2206, and Transduction Laboratories monoclonal Ab clone 14) we detected increased overall levels of b-catenin immunoreactive protein in þ VEGF164 dox bone lysates compared to control samples (data not shown). We next conducted western blot analysis of GSK3-b, a prime upstream mediator of these negative b-catenin phosphorylation events. þ VEGF164 dox bone lysates contained increased GSK3-b in its phosphorylated form ( Figure 7F ; Supplementary Figure S10A ), which is known to mediate its inactivation and thus likely contributed to the enhanced stabilization and activation of b-catenin (Jin et al, 2008) . Finally, we assessed whether the enhanced bcatenin stabilization and nuclear localization were associated with increased transcriptional activity. The mRNA expression levels of a panel of known b-catenin target genes including those encoding Axin-2, c-Jun, Fra-1, CyclinD1, BMP4, OPG and Von Hipel-Lindau (VHL) (for regularly updated list of targets, see http://www.stanford.edu/~rnusse/wntwindow. html) (Glass et al, 2005; Grigoryan et al, 2008) were all significantly upregulated in þ VEGF164 dox bones compared to controls ( Figure 7G ). Consistent with increased VHL expression, hypoxia-inducible factor (HIF)-1a protein levels and expression of the HIF-1a target CXCL12 (SDF-1) were decreased but no changes in SDF-1 receptor CXCR4 expression were observed (Supplementary Figure S11A-D) .
Possibly, b-catenin stabilization may represent a direct action of VEGF signalling in the endothelial and mesenchymal/osteoblastic progenitor cell populations. Consistent with this hypothesis, addition of exogenous VEGF to cultures of the haemangio-endothelial cell lines C166 (Figure 8 ; Supplementary Figure S10B and C) and Eoma (not shown) resulted in increased amounts of active b-catenin and phosphorylation of GSK3-b. These effects were comparable to those of the positive control LiCl, a known inhibitor of GSK-b activity causing b-catenin stabilization ( Figure 8A ; Supplementary Figure S10B and C) (Zhang et al, 2003) . Concomitantly, the mRNA expression levels of Axin-2, c-Jun and OPG were increased by VEGF addition, to a similar extent as by LiCl, and this was partially blocked by infecting the cells with a dominant negative TCF4 (DN-TCF4) virus preventing b-catenin transcriptional activity ( Figure 8B ). Furthermore, primary bone stromal cells from our adult triple transgenic mice induced in vitro by dox to over-express VEGF, showed upregulated mRNA expression of the b-catenin targets c-Jun and OPG (Supplementary Figure S11E) .
VEGF-induced high bone mass depends on b-catenin in osteochondro-lineage cells
To determine the importance of b-catenin in osteo-chondroprogenitor-derived cells for the VEGF-induced increased bone mass we bred one conditional loss-of-function Catnb (bcatenin) allele (Brault et al, 2001 ) into our triple transgenic þ VEGF164 dox system. In the absence of VEGF induction, Catnb Dcol2-cre/ þ mice were indistinguishable from controls and showed similar metaphyseal bone densities (BV/TV) and trabecular number in 3D micro-CT analysis ( Figure 9A ; Supplementary Figure S12A) . Interestingly, the heterozygous conditional inactivation of b-catenin in þ VEGF164 dox mutants abolished the VEGF-induced high bone density phenotype ( Figure 9A ; Supplementary Figure S12A ). Histological analysis and PECAM-1 staining showed that the bones of these þ VEGF164 dox ; b-catenin DCol2-Cre/ þ mice contained massively enlarged vascular structures (haemangiomas), replacing the local bone and marrow tissues ( Figure 9A ; Supplementary Figure S12 ). Osteoclastic bone remodelling and degradation was sustained in these bones (while blocked in the þ VEGF164 dox mice as fibrosis develops, see above) (Supplementary Figure S12C) Figure S13) . However, the response in the stromal/osteoblastic cells, which was associated with increased proliferation (BrdU incorporation) in þ VEGF164 dox mice, was blunted by deleting b-catenin from these cell types (Supplementary Figure  S13) . Of note, heterozygous deletion of one conditional b-catenin allele in osteochondro-linage cells did not affect the observed extramedullary haematopoiesis associated with enhanced VEGF expression (not shown).
Western blot analysis confirmed that the VEGF-induced activation of b-catenin decreased in þ VEGF164 dox ; Catnb Dcol2-cre/ þ bones, whereas the increase in phosporylated GSK3-b was largely unaffected ( Figure 9B ; Supplementary Figure S12B ). Concomitantly, the b-catenin targets that we showed earlier to be upregulated by VEGF overexpression were completely (BMP4) or partially (Axin-2, CyclinD1 and OPG) normalized in þ VEGF164 dox ; Catnb Dcol2-cre/ þ bones ( Figure 9C ).
VEGF enhances b-catenin activity through a wortmannin-sensitive PI3-kinase pathway
Earlier studies have showed that signalling from growth factors/hormones (e.g. insulin) to GSK3-b is wortmanninsensitive involving PI3-kinase, whereas Wnt signalling to GSK-3b is largely insensitive to this pharmacological PI3-kinase inhibitor (Cross et al, 1995; Cook et al, 1996; Jin et al, 2008) . To determine which signalling pathway may be predominantly responsible for the observed GSK3-b phosphorylation and b-catenin stabilization, we administrated wortmannin to þ VEGF164 dox and control mice during the 2-week dox period. Analysis by 3D micro-CT demonstrated that the increased bone volume and trabecular number of þ VEGF164 dox mice were completely prevented by wortmannin ( Figure 9D and E). Moreover, histological examination showed that the bone and marrow morphology were rescued ( Figure 9F ). Interestingly, this normalization of the bone architecture correlated with decreased P-GSK3-b ( Figure 9G ). As well, the total b-catenin levels were restored to normal (data not shown) and the increased expression of b-catenin target genes in þ VEGF164 dox mice was blunted by wortmannin treatment ( Figure 9H ). Similar effects of wortmannin treatment on c166 cells were also shown to decrease levels of VEGF-induced GSK3-b phosphorylation and the amount of activated b-catenin (Supplementary Figure S10B and C).
Discussion
VEGF: pleiotropic effects in bone during development, growth, and adulthood Earlier findings established that VEGF functions as a key inducer of bone vascularization but also indicated that the various cell types involved in bone metabolism, such as perichondrial progenitor cells, osteoblasts and osteoclasts can respond to VEGF signalling (Dai and Rabie, 2007; Maes and Carmeliet, 2008) . The crucial importance for both angiogenesis and osteogenesis in for instance fracture repair has consequently evoked a large interest in VEGF therapeutic applications. Our present data support the anabolic role of VEGF in bone by stimulating in a coupled way both expansion of the vascular bed and bone formation. However, they also warn for caution, as the ability of VEGF to impinge on the skeleton proved to be unexpectedly strong; developmentally increased VEGF caused severe bone malformations, and even brief induction of VEGF over-expression in normally developed, adult bones caused dramatic pathological changes that resemble the secondary manifestations seen in bones of patients suffering from myelofibrotic disorders (Tefferi, 2005) . Interestingly, these VEGF-induced effects were found to be mediated by enhanced stabilization and transcriptional activity of b-catenin in endothelial and stromal/osteoblastic cells. The wide spectrum of upregulated b-catenin target genes may, on their turn, have influenced the development and/or activity of osteoblasts, osteoclasts and endothelial cells as well as haematopoietic stem/progenitor cells (HSC/HPC) in the bone environment.
Increased VEGF modulates b-catenin activity in osteoblast lineage cells in vivo VEGF 164 over-expression in bone enhanced the proliferation of stromal/osteoblast lineage cells and altered their differentiation, characterized by abundant matrix secretion and unbalanced mineralization. A direct effect of VEGF on osteogenic cells was suggested earlier by the increased proliferation, migration, differentiation and survival observed in human mesenchymal stem cells in vitro (Fiedler et al, 2005; Street and Lenehan, 2009) and is confirmed in this study. The importance of VEGF signalling through VEGFR-2 in osteogenic cells in our model is underscored by the increased staining for phosphorylated VEGFR-2 in vivo and by the upregulated expression of both VEGF and VEGFR-2 in cultured primary osteoblasts derived from adult þ VEGF164 dox mice, even when dox was supplemented only in vitro (see Supplementary Figure  S8 ). This is in line with reports indicating that VEGF upregulates its own receptors in endothelial and leukaemic cells (Shen et al, 1998; Dias et al, 2000) . Genetic ablation of VEGFR-2 in osteochondroprogenitors results in a partial rescue of the aberrant bone development in þ VEGF164 mice characterized by a partial reversal of the high bone mass ossification phenotype, whereas the vascular phenotype remains abnormal (see below). To our knowledge, this is the first evidence for direct effects of VEGF on osteogenic cells in vivo.
Stabilization of b-catenin in osteo-chondroprogenitors favours osteoblast differentiation (Day et al, 2005; Hill et al, 2005; Hu et al, 2005) but continued expression of a stabilized form of b-catenin leads to a phenotype of aberrant mineralization strikingly similar to our developmental VEGF over-expression model (Glass et al, 2005; Rodda and McMahon, 2006) . Accordingly, we documented enhanced nuclear localization and stabilization of b-catenin in osteoblast lineage cells from VEGF over-expressing mice in vivo and in vitro, with consequently upregulated expression of several b-catenin target genes. A genetic interaction was shown by the modulation of the VEGF-induced osteosclerotic phenotype through heterozygous deletion of b-catenin in osteo-chondroprogenitors. Although VEGF over-expression creates a coupled stimulatory response in the vascular and osteogenic cell pools, this balance became shifted dramatically in favour of the vasculature when the osteogenic cells were partially deprived of b-catenin. A similar uncoupling was observed in the embryonic model on conditional deletion of VEGFR-2, indicating that the osteogenic response is both VEGFR-2 and b-catenin dependent and suggesting a mutual pathway of action. Pharmacological intervention furthermore implicated a PI3-kinase-dependent pathway in the GSK3-b inhibition and b-catenin stabilization. Intriguingly, inactivation of the negative PI3-kinase regulator PTEN in osteo-chondroprogenitors and osteoblasts also led to increased bone mass, but the potential involvement of b-catenin was not addressed (Ford-Hutchinson et al, 2007; Liu et al, 2007) . As well, the ability of LiCl to activate b-catenin through its negative effects on GSK3-b has been shown to enhance bone formation and repair (Clement-Lacroix et al, 2005; Chen et al, 2007) as well as reduce tauopathy and neurodegeneration in mouse models (Noble et al, 2005) thereby further underscoring the importance of this clinically relevant pathway. endothelial cells by binding to the intracellular domain of VE-cadherin. In these complexes, VE-cadherin associates with VEGFR-2 and partially inhibits VEGFR-2 phosphorylation and its proliferative signal (Carmeliet et al, 1999; Dejana et al, 2008) . Angiogenic activation by VEGF signalling induces VEGFR-2 phosphorylation at several key sites including tyrosine residue 1175 (Tyr1173 in mice), which activates the PLC-g and PI3-kinase pathways (Olsson et al, 2006 ). In our model increased VEGF levels in the bone microenvironment led to hypervascularization, associated with endothelial activation of VEGFR-2 at Tyr1173. As mentioned above, the PI3-kinase pathway was essential for the establishment of this phenotype. Although this pharmacological experiment ruled out cell specificity, the central role of the PI3-kinase pathway in VEGF/VEGFR-2 signal transduction in endothelial cells-mediating primarily cell survival and migration-is very well established (Olsson et al, 2006) . One of the prime mechanisms downstream of PI3-kinase is phosphorylation and inactivation of GSK3-b, a pathway that has been linked to endothelial cell migration towards VEGF and angiogenesis (Kim et al, 2002) . In vitro, we found that VEGF treatment of haemangioma-like endothelial cells induced GSK3-b phosphorylation and b-catenin stabilization, as well as target gene activation, consistent with the results of an earlier study (Ilan et al, 2003) . It is possible that this pathway contributed to the vascular phenotype in vivo. Interestingly, altered VEGF signalling has been shown to be causal in haemangioma formation in humans (Jinnin et al, 2008) . As well, b-catenin has recently been implicated in physiological angiogenesis in the regulation of vascular patterning and development of the blood-brain barrier (Cattelino et al, 2003; Liebner et al, 2008; Stenman et al, 2008) , which also requires VEGF (Zhang et al, 2000) . It will be interesting to see how much of VEGF's physiological and pathological effects on the endothelium may be mediated through modulation of b-catenin.
VEGF induces b-catenin transcriptional activity in endothelial cells
Deregulated osteoclast differentiation and activity in bones with increased VEGF VEGF directly enhances osteoclast recruitment, differentiation, activity and survival (Aldridge et al, 2005; Niida et al, 2005; Yang et al, 2008) . In agreement, VEGF 164 over-expression was associated with increased osteoclasts as an early manifestation in both our embryonic and adult models. However, at later time points, the osteoclast phenotype became more complex, likely reflecting secondary mechanisms. Sustained VEGF upregulation was associated with a dramatic drop in the number of osteoclasts in both models and led to incomplete tissue resorption. We suggest that this effect is consequential to the excessive vasculature and stromal/osteoblastic cell pool as it correlated with increased OPG expression by these cells, most likely in response to enhanced b-catenin activity. Stabilization of b-catenin in mature osteoblasts impairs osteoclast formation indirectly by increasing OPG expression (Glass et al, 2005) . Of all the b-catenin target genes analysed in our study, the largest and most consistent upregulation was documented for OPG. Moreover, decreasing stabilized b-catenin by genetic intervention prevented the VEGF-induced expansion of the osteoblastic cell pool, and concomitantly OPG upregulation was reduced and osteoclast activity remained high (not shown). Increased OPG has also been shown to contribute to the bone pathology observed in mouse models and human patients with myelofibrosis (Chagraoui et al, 2003; Bock et al, 2005) , much resembling the þ VEGF164 dox -induced phenotype. Added to this is the fact that the metaphysis of þ VEGF164 dox bones became devoid of haematopoietic progenitors as fibrosis developed; this would be expected to preclude the local differentiation of osteoclasts from their monocyte precursors. These data thus indicate that the late and local drop in osteoclasts in the mutant mice in vivo is due to secondary effects of the altered bone environment and b-catenin signalling. Of note, the osteoclast alterations in þ VEGF164 dox mice were region specific, as cortical remodelling was associated with increased osteoclasts and excessively high expression levels of RANKL (eight-fold increase over normal levels) that were not compensated by increased OPG as in the spongiosa regions.
Increased VEGF in the bone environment leads to haematological alterations Interestingly, our adult VEGF164 over-expression mice also displayed haematopoietic alterations including increased megakaryocytes in the bone marrow and spleen and enhanced mobilization of HPCs. These effects may have contributed to the increased spleen size observed in 25% of the mutant mice, suggesting potential induction of extramedullary haematopoiesis by only a short exposure to increased VEGF in the bone environment. Of note, Hattori et al (2001) showed that increased serum VEGF 164 can cause mobilization of HSCs and endothelial precursors and result in extramedullary haematopoiesis and splenomegaly (Hattori et al, 2001) . The normal serum VEGF levels in our model argue against systemic VEGF eliciting the observed haematological alterations and support the notion that local increased VEGF production by chondro-osteoblast lineage cells can also induce these effects. Although beyond the scope of this study, an in-depth characterization of the haematological responses to increased VEGF secreted in bone is warranted because the current observations suggest novel ways by which VEGF may control HSC behaviour and haematopoiesis. First, VEGF profoundly affected the stromal/osteoblastic cell populations and the vasculature, constituting the two key bone marrow niches. Second, increased VEGF potently induced remodelling at the cortex and endosteum, a process that promotes mobilization of HPCs (Kollet et al, 2006) . Finally, VEGF may directly or indirectly modulate signals mediating HSC/HPC maintenance and mobilization, as the bones of our mice had increased osteopontin mRNA and protein levels (see Figure 4D ; Supplementary Figure S6 ) (Stier et al, 2005) , increased expression of several proteases including MMP-9, MMP-13, MT1-MMP, Cathepsin K (Supplementary Table S2 ; data not shown) and alterations in HIF-1a and SDF-1 (but not its receptor CXCR4; see Supplementary Figure S8 ) (Hattori et al, 2003; Ceradini et al, 2004) , all events that have been shown to lead to haematological alterations in the bone marrow environment.
In conclusion, our data underscore the powerful effects of VEGF in stimulating angiogenesis and osteogenesis and shed light on the downstream mediators by evidencing that VEGF influences the activity of b-catenin in both osteoblast lineage cells and endothelial cells (Figure 10 ). Our observations also touch on an important field of interest related to bone pathology and haematopoiesis, by showing the potential causal role of VEGF-induced activation of the PI3-kinase/ b-catenin pathway in bone marrow fibrosis, osteosclerosis/ petrosis, vascular anomalies and haematological disturbances in the bone and marrow environment. These features are typical secondary manifestations seen in human myelofibrosis-related diseases, in which VEGF upregulation has been documented earlier (Tefferi, 2005; Giles et al, 2007; Panteli et al, 2007; Steurer et al, 2007) . Even more generally, our findings raise the possibility that increased levels of VEGF, as common to a wide range of patho-physiological and neoplastic conditions, may mediate some of the documented deregulated activity of b-catenin (Clevers, 2006) . Thus, the interaction between VEGF signalling and b-catenin activity documented here in the bone environment may represent an important accomplice in the fields of osteoimmunology, haematology as well stem cell and cancer biology. As well, our data underscore the need for caution in the use of VEGF as a pro-angiogenic therapy, calling for particular attention to possible side effects within the bone and marrow niche.
Materials and methods
Generation of transgenic mice and experimental set-up
Mice carrying the conditional ROSA26-VEGF164 allele were generated as described in detail in Supplementary data. The Col2-Cre, tet(o)-VEGF164 and ROSA26-rtTA mouse lines, combined here to generate triple transgenic þ VEGF164 dox mice, and the BAT-Gal, VEGFR-2(null), VEGFR-2(flox) and Catnb(flox) mice have all been described (Shalaby et al, 1995; Ovchinnikov et al, 2000; Brault et al, 2001; Akeson et al, 2003; Haigh et al, 2003; Maretto et al, 2003; Belteki et al, 2005) . All genotyping primers are listed in Supplementary Table S3 . Doxycyclin (Sigma) was supplemented at 1 mg/ml drinking water (changed daily) for up to 2 weeks. Controls for þ VEGF164 dox mice were sex-/age-matched double transgenic littermates (Col2-Cre þ ;ROSA26-Flox/Stop-rtTA-EGFP or ROSA26-Flox/Stop-rtTA-EGFP;tet(o)-VEGF 164 ) receiving the same dox-regime. Wortmannin (Sigma) was administered daily at 5 mg i.p./mouse. BrdU was administered at 100 mg/g body weight 2-4 h before killing, depending on the age. Experiments were approved by the ethical committees of Ghent University and KU Leuven.
Bone analysis by skeletal preparation, histology and micro-CT Skeletal preparation, X-Gal staining, histology and histomorphometry were performed as before (Haigh et al, 2000; Maes et al, 2002 Maes et al, , 2004 . Brief descriptions are in Supplementary data and details are available on request. IHC was performed according to the Cell Signaling Technology protocol or by the Renaissance s TSA TM Biotin System (Perkin Elmer) using the antibodies and dilutions listed in Supplementary data. We used staining kits for accustain-reticulin (Sigma) and ALP activity (TaKaRa). ISH used digoxigenin-(VEGF) or radioactive-labelled (osteoblast and chondrocyte markers) probes. BrdU quantification involved counting the stained cells in the perichondrium adjacent to the columnar chondrocyte zone (expressed as number of cells per area) or in a defined zone (200 Â 300 mm) of the columnar chondrocytes (BrdU labelling index: BrdU þ cells as % of total cell number). Micro-CT analysis was performed on the high resolution Skyscan 1172 system at 50 kV/200 mA, 3 mm (E17.5) or 5 mm pixel size and 0.5 mm Al filters. Reconstructions of serial tomographs used a cone beam filtered back projection algorithm; 3D analysis included a standardized (600 mm) region comprising most of the diaphyseal bone shaft in the embryo, and a 500 mm metaphyseal bone segment in adult bones.
Molecular analysis
For RNA or protein extraction, bones were carefully dissected and snap-frozen in liquid nitrogen, and processed according to standard protocols. For details on qRT-PCR and list of primers and probes, see Supplementary Table S4 . Primary antibodies used for western blotting were directed against HIF-1a (R&D Systems; 1:1000), b-catenin: non-phosphorylated active b-catenin (Millipore; 1:1000) (Sigma; 1:4000; or BD Transduction Lab.; 1:1000), P-GSK3-b(Ser9) (Cell Signaling; 1:1000), total GSK3-b (Cell Signaling; 1:1000), osteopontin (R&D Systems; 1:500) or b-actin (MP Biomedicals; 1:10 000). Western blot signals were quantified using ImageJ (National Institute of Health) and normalized to b-actin signals or to total GSK3-b (for P-GSK3-b). VEGF levels were determined by the Quantikine ELISA kit (R&D) and corrected for total protein levels in bone samples (Bio-Rad DC kit).
Cell culture, colony formation assays and FACS analsysis
Adult primary osteoblastic progenitors were isolated by digesting dissected femoral bone fragments in 0.1% collagenase for 2 h. At confluency, osteogenic differentiation medium was applied (aMEM with 10% FCS, 100 mg/ml ascorbic acid, 10 mM b-glycerophosphate and 10
À8 M dexamethasone) with dox added when indicated. RNA was extracted using Qiagen RNA isolation kit. Primary calvarial osteoblasts were isolated from E17.5 þ VEGF164
DRunx2-Cre and Z/EG DRunx2-Cre mice as control (Novak et al, 2000) , by sequential 10-min digests in 0.1% collagenase, 0.2% dispase. Digests 2-5 were filtered, FACS sorted for GFP (Epics Altra Beckman Coulter), and cultured in aMEM with 15% FCS. Immunofluorescence with anti-bcatenin (1:2000; Sigma) and goat anti-rabbit Alexa Fluor 568 antibodies (1:1000; Sigma) and DAPI nuclear staining was analysed using a Zeiss 710 multi-photon confocal microscope. Z sections were collected through the cell monolayers and the nuclear localization of b-catenin was quantified in three random fields per sample using Volocity 5 software. Briefly, staining intensity in the b-catenin and DAPI signal channels was determined for each voxel of the image and the Pearson's correlation between the signals and the Ky value (an index of how much of the b-catenin signal overlaps with DAPI) was calculated. CFU-C assays of peripheral blood or spleen and bone marrow mononuclear cells were performed in MethoCult (Stem Cell Technologies) or Megacult-C medium (Stem Cell Technologies) supplemented with 50 ng/ml Thrombopoietin, 10 ng/ml IL-3, 20 ng/ml IL-6 and 50 ng/ml IL-11. The haemangioendothelial cell lines were treated with 50 ng/ml recombinant canine rcVEGF 164 or 40 mM LiCl and infected with DN-TCF4 virus, as described in Supplementary data. To quantify the megakaryocyte cells, FACS analysis (Calibur Flow Cytometer, Becton Dickinson) was performed on isolated spleen cells using a PE-conjugated antimouse CD41 antibody (eBioscience).
Statistical analysis
Comparison between two data groups was done by two-sided Student's t-test and expressed as mean ± s.e.m. Multiple group experiments were analysed by ANOVA followed by Fisher's LSD and Tukey-Kramer multiple-comparison tests for all pair-wise differences between the means, indicated±s.e. Marks * (versus control) or y (as specified) indicate Po0.05, **Po0.01 or ***Po0.001. Figure 10 Model summarizing the effects of increased VEGF in bone. VEGF 164 , over-expressed by osteo-chondroprogenitor/ -derived cells (Col2-Cre þ cells and chondrocyte (CH) and osteoblast (OB) lineage descendants) and secreted in excess in the endochondral skeleton, activates VEGFR-2 signalling in osteoblast lineage cells and endothelial cells, inducing proliferation and increased microvascular density (MVD) as well as abnormal blood vessels. VEGFR-2 mediated activation of PI3-kinase (PI3K/AKT), resulting in GSK3-b inactivation, leads to enhanced stabilization and transcriptional activity of b-catenin in both cell types. b-catenin-induced target genes can cause or contribute to the phenotype of VEGFinduced expansion of the stromal cell population, abundant matrix production (fibrosis), and osteosclerosis/osteopetrosis with increased osteoblastogenesis and reduced osteoclastogenesis. Additionally, increased VEGF in bone alters the bone marrow environment by causing extensive fibrosis and increased MVD, and is associated with excessive megakaryocytes (MK) and mobilization of haematopoietic stem and progenitor cells (HSC/HSPCs).
